Welle S, Mehta S, Burgess K. Effect of postdevelopmental myostatin depletion on myofibrillar protein metabolism. Am J Physiol Endocrinol Metab 300: E993-E1001, 2011. First published March 15, 2011; doi:10.1152/ajpendo.00509.2010.-It is unclear whether the muscle hypertrophy induced by loss of myostatin signaling in mature muscles is maintained only by increased protein synthesis or whether reduced proteolysis contributes. To address this issue, we depleted myostatin by activating Cre recombinase for 2 wk in mature mice in which Mstn exon 3 was flanked by loxP sequences. The rate of phenylalanine tracer incorporation into myofibrillar proteins was determined 2, 5, and 24 wk after Cre activation ended. At all of these time points, myostatin-deficient mice had increased gastrocnemius and quadriceps muscle mass (Ն27%) and increased myofibrillar synthesis rate per gastrocnemius muscle (Ն19%) but normal myofibrillar synthesis rates per myofibrillar mass or RNA mass. Mean fractional myofibrillar degradation rates (estimated from the difference between rate of synthesis and rate of change in myofibrillar mass) and muscle concentrations of free 3-methylhistidine (from actin and myosin degradation) were unaffected by myostatin knockout. Overnight food deprivation reduced myofibrillar synthesis and ribosomal protein S6 phosphorylation and increased concentrations of 3-methylhistidine, muscle RING finger-1 mRNA, and atrogin-1 mRNA. Myostatin depletion did not affect these responses to food deprivation. These data indicate that maintenance of the muscle hypertrophy caused by loss of myostatin is mediated by increased protein synthesis per muscle fiber rather than suppression of proteolysis. muscle hypertrophy; 3-methylhistidine; atrogin-1/muscle atrophy Fbox; muscle RING finger-1; ribosomal protein S6 MICE WITH CONSTITUTIVE ABSENCE of myostatin (Mstn Ϫ/Ϫ ) develop muscles twofold larger than normal because of both fiber hyperplasia and fiber hypertrophy (28). Levels of phospho-Akt and phosphoribosomal protein S6 are increased in Mstn Ϫ/Ϫ muscles (8, 24, 31), which suggests increased activity of the Akt-mTOR-S6 kinase signaling pathway, a key regulator of muscle fiber size and protein metabolism (16). The rate of myofibrillar protein synthesis per whole muscle is increased in mature Mstn Ϫ/Ϫ mice, whereas the fractional myofibrillar synthesis rate is normal (41). Mstn Ϫ/Ϫ muscles have other abnormalities besides fiber hyperplasia and hypertrophy: slow-twitch fiber deficiency, reduced mitochondrial mass, reduced expression of genes encoding proteins involved in energy metabolism, and altered expression of more than 2,000 genes (2, 14, 38). In contrast, when myostatin is depleted or blocked after maturity, muscles enlarge because of fiber hypertrophy but are normal with respect to the number of fibers, fiber type distribution, and metabolic properties (6, 12, 14, 19, 26, 35, 36, 42, 45, 46) . Mice with postdevelopmental inhibition or depletion of myostatin have normal muscle levels of phospho-Akt (18, 43, 44) , and absence of Akt does not prevent the muscle hypertrophy induced by blocking myostatin activity (18). Nevertheless, S6 kinase activity and myofibrillar protein synthesis increased within a few days after blocking myostatin in mature mice (43). The effect of postdevelopmental myostatin deficiency on myofibrillar protein metabolism during the maintenance phase of muscle hypertrophy, described in the present report, has not been examined previously.
muscles (8, 24, 31) , which suggests increased activity of the Akt-mTOR-S6 kinase signaling pathway, a key regulator of muscle fiber size and protein metabolism (16) . The rate of myofibrillar protein synthesis per whole muscle is increased in mature Mstn Ϫ/Ϫ mice, whereas the fractional myofibrillar synthesis rate is normal (41) . Mstn Ϫ/Ϫ muscles have other abnormalities besides fiber hyperplasia and hypertrophy: slow-twitch fiber deficiency, reduced mitochondrial mass, reduced expression of genes encoding proteins involved in energy metabolism, and altered expression of more than 2,000 genes (2, 14, 38) . In contrast, when myostatin is depleted or blocked after maturity, muscles enlarge because of fiber hypertrophy but are normal with respect to the number of fibers, fiber type distribution, and metabolic properties (6, 12, 14, 19, 26, 35, 36, 42, 45, 46) . Mice with postdevelopmental inhibition or depletion of myostatin have normal muscle levels of phospho-Akt (18, 43, 44) , and absence of Akt does not prevent the muscle hypertrophy induced by blocking myostatin activity (18) . Nevertheless, S6 kinase activity and myofibrillar protein synthesis increased within a few days after blocking myostatin in mature mice (43) . The effect of postdevelopmental myostatin deficiency on myofibrillar protein metabolism during the maintenance phase of muscle hypertrophy, described in the present report, has not been examined previously.
Protein synthesis rate in vivo can be determined readily by incorporation of an amino acid tracer. However, there is no accepted method to determine myofibrillar degradation rate in vivo. In the present study, the rate of proteolysis in vivo was estimated from the protein synthesis rates and changes in protein mass across different time points. This approach did not quantify proteolysis in an individual mouse at a single point in time, but it provided a measurement of the mean rate of proteolysis over long intervals in groups of mice. Other indices of myofibrillar proteolysis in the present study included muscle tissue concentrations of free 3-methylhistidine (3MH; a product of actin and myosin degradation) and expression of Trim63, a gene that encodes an E3 ubiquitin ligase [muscle RING finger-1 (MuRF1)] required for myofibrillar proteolysis (10, 11) . Expression of F-box protein 32 [Fbxo32; the gene encoding the E3 ubiquitin ligase atrogin-1/muscle atrophy F-box (MAFbx)] was also determined because atrogin-1 can influence both muscle protein synthesis and proteolysis (3, 22, 40) .
Food deprivation stimulates proteolysis and inhibits protein synthesis in muscle (4, 5, 9, 25, 30, 34, 47) . Whether myostatin is required for the normal response to food deprivation is not entirely clear. A recent report demonstrated that Mstn Ϫ/Ϫ mice had normal increases in food deprivation-induced overexpression of MuRF1 and atrogin-1 mRNAs (1), but the effect of food deprivation on protein synthesis was not examined. Therefore, we determined whether postdevelopmental myostatin depletion affected the inhibition of myofibrillar protein synthesis induced by overnight food deprivation.
METHODS
Procedures were approved by the University of Rochester animal research committee. Mstn[f/f] mice with a C57BL/6J background (minimum of 7 crosses with this strain), in which exon 3 of the Mstn gene is flanked by loxP sequences (floxed) (41) , and control mice with normal myostatin genes (Mstn[w/w], also with C57BL/6J background), were hemizygous for a CreER transgene driven by a cytomegalovirus/chicken ␤-actin promoter (42) . Genotyping was done as described previously (42) . Only male mice were studied. Mice had free access to food and water except for a 16-h period without food in the food deprivation experiment. The cages were in rooms with a 12:12-h light-dark cycle (lights on 0600 -1800). Room temperature was maintained at 23°C.
Stimulation of Cre recombinase activity, which leads to excision of the floxed exon, was initiated in both Mstn[f/f] and Mstn[w/w] mice by feeding them tamoxifen [0.025% of chow, prepared by HarlanTeklad as described previously (44) ] when they were 4 mo old for a period of 2 wk. Myostatin mRNA levels are reduced to some extent in Mstn[f/f] mice prior to tamoxifen administration due to a low basal level of Cre recombinase activity (42) . The exact time course of the further myostatin depletion induced by tamoxifen has not been defined. Thus, with this model there is no single point in time that can be declared as the starting point for myostatin deficiency. Because the present study was done to characterize chronic effects of myostatin depletion, this is not a critical issue. The acute effect of myostatin inhibition on myofibrillar protein synthesis was reported previously (43) .
Two, five, or 24 weeks after the end of tamoxifen feeding, myofibrillar protein synthesis was measured between 9 and 10:30 AM, as described previously (41, 43) . [ 2 H5]phenylalanine was administered (ip) 30 min before mice were euthanized by CO 2 inhalation, followed by cervical dislocation. Most of the mice had free access to food the night before and the morning of tracer injection, but some of the mice that were euthanized 2 wk after the end of tamoxifen administration were deprived of food for 16 h (Ϯ 1 h) before tracer injection. Gastrocnemius and quadriceps muscles were removed and weighed as quickly as possible and then immersed immediately in liquid nitrogen. These muscles were stored at Ϫ70°C until analysis. Tibialis anterior muscles from some of the mice euthanized at 5 wk were fixed in 10% neutral buffered formalin while still attached to the tibia.
A piece of gastrocnemius muscle (ϳ70 -100 mg) was homogenized in 1 ml of water containing 1 nmol 3-[ 2 H3]methylhistidine (Cambridge Isotopes). Myofibrils and other insoluble proteins were pelleted by centrifugation, and the supernatant containing free amino acids was used to determine the ratio of [ 2 H5]phenylalanine to endogenous (unlabeled) phenylalanine and the ratio of 3-[ 2 H3]methylhistidine to endogenous 3-methylhistidine. Ratios were determined by GC-mass spectrometric analysis of the t-butyldimethylsilyl derivatives of these amino acids. Myofibrillar proteins were extracted, washed, hydrolyzed, and analyzed for [ 2 H5]phenylalanine enrichment, as described previously (41) . The amount of myofibrillar protein recovered per milligram of tissue, determined with the Pierce BCA protein assay kit, was not affected by myostatin depletion (mean 6.9% of tissue mass in myostatin-deficient mice, 7.0% in controls, P Ͼ 0.5). We know that recovery of myofibrillar proteins is not 100% with this method; to compute absolute synthesis rate per muscle from the fractional rate, we used a value of 12 mg myofibrillar protein/100 mg tissue (41) . The mean rate of myofibrillar protein degradation for the interval between two time points was computed as the mean myofibrillar synthesis rate for these time points minus the rate of increase of myofibrillar protein mass during the time interval. This value was divided by the myofibrillar mass during the interval (mean of initial and final value) to compute the mean fractional degradation rate. Because myofibrillar mass and synthesis rates could not be determined without euthanizing a mouse, it was not possible to compute degradation values for an individual mouse.
RNA was extracted from gastrocnemius muscle (ϳ75 mg) as follows. The frozen tissue was placed in 0.5 ml of ice-cold Trizol (Invitrogen) with ϳ500 mg of zirconium oxide beads (0.5 mm in diameter; Next Advance) in a 1.5-ml microcentrifuge tube and immediately homogenized for 2 min at the maximum energy setting with a Bullet Blender (Next Advance). Another 0.5 ml Trizol was added to the tube, and then RNA was extracted per the instructions supplied by Invitrogen. Quality was confirmed by A260/A280 ratios Ͼ1.9, A260/ A230 ratios Ͼ2, and strong ribosomal bands detected by ethidium bromide staining of RNA subjected to agarose gel electrophoresis. The RNA concentrations were determined fluorometrically (Quant-iT RNA assay kit and Qubit fluorometer from Invitrogen). RNA (2 g) was reverse transcribed with a High-Capacity RNA-to-cDNA kit (Applied Biosystems). The cDNA was examined with the following Taqman assays (Applied Biosystems) as recommended by the manufacturer, using an amount of cDNA equivalent to 20 ng of input RNA in each well: Mstn Mm01254559_m1, Fbxo32 Mm00499523_m1, Trim63 Mm01188690_m1, Ube2b Mm00493998_m1. Ube2b cDNA was selected as a reference (to control for variations in the amount of cDNA synthesized per reverse transcription reaction) because a previous microarray study demonstrated no effect of myostatin knockout on Ube2b expression and low variation in Ube2b expression (45) . In the present study, myostatin depletion had no effect on the number of PCR cycles required to reach a predefined fluorescence threshold (CT) in the Ube2b assay (mean 20.9 cycles in myostatin-deficient samples, 21.0 cycles in control samples). However, in the food deprivation experiment mean Ube2b CT was 0.3 cycles lower in food-deprived than in fed mice (P Ͻ 0.01), suggesting a slight increase in Ube2b expression. Thus, using Ube2b as the reference gene might have led to a small underestimation (Ͻ25%) of the effect of food deprivation on expression of MuRF1, atrogin-1, and myostatin mRNAs.
Quadriceps muscle concentrations of rpS6, total and phosphorylated, were determined by immunoblotting, as described previously (43) . Formalin-fixed tibialis anterior muscles were removed from the tibia and agitated in 40% NaOH to release individual fibers (7) . Fibers were washed in PBS, dried on microscope slides, and mounted in Vectashield Hard-Set Mounting Medium with 4,6-diamidino-2-phenylindole (which makes the myonuclei fluorescent). The fibers were examined at ϫ20 magnification with a fluorescence microscope. Diameters were measured at intervals of ϳ400 m, and all nuclei within the fibers were counted. The focal plane was moved through the whole depth of a fiber to ensure that all nuclei in the field of view were counted.
Data were analyzed by factorial analysis of variance (ANOVA) to determine the contributions of myostatin depletion, time point (or food deprivation), and the interaction between these factors to the total variance. R version 2.12.0 was used for ANOVA. If ANOVA indicated a significant (P Ͻ 0.05) main effect of myostatin depletion or an interaction between myostatin depletion and time, we assessed the significance of the effect of myostatin depletion at each time point using Bonferroni t-tests. The residual variance from ANOVA was used to compute the denominator for the t-tests, as described by Glantz (15) . For analysis of the effect of myostatin deficiency on tibialis anterior muscle fiber characteristics, which were measured only at the 5-wk time point, we used standard t-tests. P Ͻ 0.05 was set as the threshold for statistical significance. Table 1 shows the ANOVA results for all measurements. At all time points examined after tamoxifen administration, myostatin mRNA levels in Mstn[f/f] mice were Ͻ3% of the values in Mstn[w/w] mice (Fig. 1) . Thus, in the remainder of this report we refer to Mstn[f/f] mice as myostatin deficient and to Mstn[w/w] mice as controls. As expected, myostatin depletion increased gastrocnemius and quadriceps muscle mass by Ն27% from 2 to 24 wk after tamoxifen treatment ended (Fig.  1) . We did not determine muscle mass prior to tamoxifen administration in the present study; in a previous study of mice that did not receive tamoxifen, muscle mass was 15% greater in Mstn[f/f]/Creϩ mice than in Mstn[w/w]/Creϩ mice at 4 mo of age (42) .
RESULTS

Effects of myostatin depletion in mice fed ad libitum.
The fractional rate of myofibrillar protein synthesis, i.e., protein synthesized relative to the amount of protein present at the time of tracer injection, was not affected by myostatin depletion (Fig. 2) . Total RNA concentrations (per mg muscle tissue and per mg myofibrillar protein mass) and rates of protein synthesis per milligram of total RNA also were not significantly affected by myostatin depletion (not shown, except for ANOVA results in Table 1 ). Myofibrillar synthesis rate per whole muscle was increased in myostatin-deficient mice. The magnitude of the effect varied across time points (significant myostatin depletion ϫ time interaction), with larger effects observed at 2 and 5 wk after cessation of tamoxifen feeding than at 24 wk (Fig. 2) .
The mean rates of myofibrillar degradation in the time intervals between the measurements of protein synthesis rates are shown in Fig. 3 . The higher absolute degradation rates in myostatin-deficient mice were proportional to their elevated muscle mass, so fractional myofibrillar degradation rates were similar in myostatin-deficient and control mice. This result is consistent with the observation that myostatin depletion did not affect free 3MH concentrations in muscle (Fig. 3) .
Myostatin depletion did not alter atrogin-1 expression (Fig. 4) . MuRF1 expression tended to be higher in myostatin-deficient muscles (significant main effect of myostatin status according to ANOVA). Although there was not a significant interaction between myostatin status and time point, the 5-wk time point was the only one with a significant effect of myostatin depletion according to post hoc testing (Fig. 4) .
The muscle concentration of phospho-rpS6 and the phosphorpS6/total rpS6 ratio were increased in myostatin-deficient muscles according to ANOVA, whereas the total rpS6 concentration was not (Table 1 and Fig. 5 ). There was not a statistically significant effect of myostatin depletion on the phospho-rpS6 concentration at P Ͻ 0.05 (adjusted for multiple comparisons) at any individual time point, but the ratio of phospho-rpS6 to total rpS6 was increased significantly at 24 wk (P Ͻ 0.05). The 24-wk time point was the one with the largest mean increase in phospho-rpS6 concentrations in myostatin-deficient mice, and this is the time point with the smallest mean effect of myostatin depletion on myofibrillar synthesis rate. This lack of correlation between phospho-rpS6 and protein synthesis also was evident in the data from individual mice (r ϭ Ϫ0.21).
Previous research established that postdevelopmental myostatin depletion increased tibialis anterior mass to the same extent as quadriceps and gastrocnemius mass (35) . A normal RNA concentration was maintained in the myostatin-deficient tibialis anterior muscles (mean 0.81 vs. 0.75 g/mg in tibialis anterior muscles of control mice). To determine whether the maintenance of RNA concentrations in the enlarged muscles required an increase in the number of myonuclei per fiber, we isolated fibers from tibialis anterior muscles of several myostatin-deficient and control mice 5 wk after the end of tamoxifen feeding and counted all nuclei within each fiber. As expected, diameters of myostatin-deficient muscle fibers tended to be larger than control fibers (Fig. 6) . Assuming that fiber cross-sectional area is proportional to the square of the diameter, the volume of the average myostatin-deficient fiber was ϳ40% larger than the volume of the average control fiber. This fiber enlargement occurred without an increase in the number of myonuclei per fiber (Fig. 6) . The number of myonuclei per myostatin-deficient fiber did not correlate with fiber diameter (r ϭ Ϫ0.07).
Effects of food deprivation. Table 2 shows the ANOVA results for the effects of myostatin depletion, overnight fasting, and their interaction 2 wk after the end of tamoxifen feeding. Food deprivation reduced RNA concentrations (by 15%; not shown), myofibrillar synthesis rate, and rpS6 phosphorylation, and it increased muscle concentrations of 3MH, atrogin-1 mRNA, and MuRF1 mRNA (Fig. 7) . The key finding was the absence of a significant interaction between the effects of myostatin depletion and food deprivation, meaning that myostatin signaling does not contribute to these responses to short-term food deprivation.
DISCUSSION
Myostatin depletion did not affect the rate of myofibrillar synthesis relative to the myofibrillar mass at the time of measurement ("fractional" synthesis rate). However, it is the rate of synthesis per whole muscle rather than the fractional rate that determines the protein mass of the whole muscle at steady state (i.e., when synthesis and breakdown are in equilibrium). Synthesis rate per whole muscle was increased by myostatin depletion. A muscle can increase its production of myofibrillar proteins either by increasing the efficiency of translation of the mRNAs encoding myofibrillar proteins or by increasing the number of molecules of these mRNAs and the rRNAs needed to translate them. We have established in previous experiments that postdevelopmental myostatin knockout does not alter the muscle concentrations of rRNA or mRNAs encoding contractile proteins (42, 44, 45) and Fig. 2 . Mean (ϩ SE) rate of synthesis of myofibrillar proteins in gastrocnemius muscle (n ϭ 4 -6 mice/condition). Time points refer to interval after the end of tamoxifen-induced Cre recombinase activation. Top: fractional rate of synthesis, i.e., the synthesis rate per mass of myofibrillar proteins already present. Bottom: rate per whole muscle. *P Ͻ 0.01 for difference between control and myostatin-deficient mice. confirmed in the present study that the muscle concentration of total RNA is normal in myostatin-deficient muscles. A "normal" RNA concentration in the enlarged muscles is not really normal because the total amount of RNA per muscle is increased. This would be unremarkable except for the fact that it occurs without an increase in the number of myonuclei that generate the RNA based on our previous research (42, 44) and the myonuclei counting done in the present study. Thus, it appears that myostatin depletion either causes a global increase in transcription or inhibits RNA decay. In a previous study, we presented evidence for increased transcription (per myonucleus) of rRNA, actin, and myosin heavy-chain genes after myostatin depletion (44) .
According to estimates based on myofibrillar synthesis rates and changes in myofibrillar protein mass over time, maintenance of hypertrophy in myostatin-deficient muscles did not require a reduction in the rate of myofibrillar protein degradation. A caveat regarding this approach is that synthesis rates were measured only at ϳ9 AM, and we assumed that protein synthesis at this time of the day reflected the average synthesis rate for the whole day. The conclusion that myostatin depletion does not affect myofibrillar proteolysis is also supported by the observation that it did not affect free 3MH concentrations in muscle tissue. 3MH is formed by posttranslational modification of histidine residues in actin and myosin molecules, and once it is released by degradation of these proteins it cannot be reutilized for protein synthesis. Use of 3MH as a marker of myofibrillar proteolysis has been criticized, but the problems are related primarily to the use of urinary 3MH excretion. Actin and myosin are present in tissues other than skeletal muscle and turn over more rapidly in the nonmuscle tissues, 3MH can enter the body from ingestion of meat proteins, and mice do not dispose of all 3MH via urinary excretion (20, 29, 33) . Local 3MH levels within a muscle should be a much better index than urinary 3MH excretion of changes in intramuscular actin and myosin degradation.
Several studies have examined the effect of myostatin excess or deficiency on expression of atrogin-1 and MuRF1. Both of these E3 ubiquitin ligases were thought to be critical determinants of muscle protein degradation, but there is more evidence that atrogin-1 interferes with protein synthesis via degradation of the translation factor eIF3F (3, 22) . MuRF1 has a clear role in degradation of myofibrils (10, 11) . High levels of myostatin stimulated atrogin-1 expression in both C 2 C 12 myotubes and murine skeletal muscle in vivo and induced a more modest increase in MuRF1 expression in skeletal muscle (27) . Activation of the myostatin signaling pathway increased atrogin-1 (but not MuRF1) promoter activity in murine skeletal muscle in vivo (36) . In contrast, myostatin inhibited atrogin-1 and MuRF1 expression in myotubes grown from human myoblasts, which was attributed to a general inhibitory effect of myostatin on expression of genes upregulated during differentiation of myoblasts to form myotubes (39) . Under normal conditions (no catabolic stressors), muscles of Mstn Ϫ/Ϫ mice have normal MuRF1 expression and either normal or increased atrogin-1 expression (1, 13, 31) . Brief treatment with an anti-myostatin antibody reduced muscle atrogin-1 expression 1.5-fold (P Ͻ 0.01) (unpublished microarray data; available under accession number GSE13707 in Gene Expression Omnibus, www.ncbi.nlm.nih.gov/ geo). A similar reduction in atrogin-1 mRNA levels occurred in muscles of old mice treated with an anti-myostatin antibody for 14 wk (32) . However, we have not observed a significant reduction in muscle atrogin-1 or MuRF1 mRNA levels a few weeks or months after postdevelopmental myostatin knockout (Refs. 44 and 45 and the present study). MuRF1 mRNA levels actually tended to be higher in the myostatin-deficient muscles in the present study when mice were allowed free access to food. The present study demonstrated that postdevelopmental myostatin depletion, like constitutive myostatin knockout (1), does not influence the upregulation of atrogin-1 and MuRF1 mRNA levels induced by food deprivation. The Akt-mTOR-S6 kinase pathway is one of the regulators of protein metabolism and cell size (16), so naturally there has been interest in whether myostatin affects the activity of this pathway. Mstn Ϫ/Ϫ mice have increased (ϳ2-fold) muscle concentrations of Akt1 mRNA, total Akt, phospho-Akt, and phospho-rpS6 (a marker of S6 kinase activity) (8, 24, 31) . We reported that S6 kinase and rpS6 phosphorylation (but not total or phosphorylated Akt levels) increased after 4 days of myostatin inhibition in mature mice (43), but not 3 mo after postdevelopmental depletion of myostatin, to ϳ10% of the normal level (44) . More recent research has confirmed that postdevelopmental inhibition of myostatin activity does not affect the phospho-Akt concentration in muscle and that it causes muscle hypertrophy even in Akt1-and Akt2-null mice (18) . However, Akt activity is not the only determinant of mTOR and S6 kinase activity, and in the present study rpS6 phosphorylation tended to be increased in myostatin-deficient muscles. The effect was statistically significant when data were pooled across all time points. There was not a correlation between rpS6 phosphorylation and the rate of myofibrillar synthesis. Together with the fact that rapamycin treatment eliminated S6 kinase and rpS6 phosphorylation but did not block the stimulation of myofibrillar protein synthesis induced by short-term myostatin inhibition (43) , these data suggest that the increased muscle protein synthesis in myostatin-deficient muscle does not depend on increased S6 kinase activity.
The present study is consistent with previous reports that short-term food deprivation reduces the rate of muscle Fig. 6 . Diameter, length, and myonuclear content of single fibers isolated from tibialis anterior muscles 5 wk after the end of tamoxifen-induced Cre recombinase activation. Data are from 76 fibers from 10 control mice and 47 fibers from 6 myostatin-deficient mice. Top: effect of myostatin depletion on fiber diameter distribution was significant (P Ͻ 0.001) according to a Chi-square test. Middle and bottom: bars represent means ϩ SE. *P Ͻ 0.001 for control vs. myostatin deficient. protein synthesis and that this decline is much larger than the modest decrease in total RNA concentrations (4, 5, 9, 30) . The increases in expression of atrogin-1 and MuRF1 mRNAs in food-deprived mice were also expected based on previous research (1, 17, 21, 23) . The relative increase in 3MH concentrations in muscle tissue after overnight food deprivation was similar to the effect of short-term food deprivation on release of 3MH and tyrosine from ex vivo muscle preparations (25, 34, 47) . Allen et al. (1) observed an approximately threefold increase in myostatin mRNA and protein levels after 2 days of food deprivation in mice but only a nonsignificant trend for increased myostatin mRNA levels after 1 day of food deprivation. Food deprivation for 2 days increased myostatin protein levels in rat muscle even though myostatin mRNA levels were reduced (37) . In the present study, overnight food deprivation did not affect myostatin mRNA levels. The fact that the food deprivationinduced changes in protein synthesis and measurements related to protein breakdown were not affected by myostatin knockout also supports the conclusion that myostatin does not contribute to these responses.
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